increase in fruit number, although the fruit were smaller in size. (Resh, 1995) . Recently, there have been significant improvements in hydroponic systems due to extensive research and development in the U.S. and Europe (Jensen, 1996) . There are several benefits to hydroponic culture over soil production such as: higher quality and yield, minimal leaching of fertilizer to ground water, less fertilizer and water use, and easy management of the crop by computer automation (Resh, 1995) . Hydroponics is the most common means of producing fresh vegetables in arid regions and countries that lack arable land.
Ebb and flood is one type of hydroponic system in which plants are grown in a bench or shallow bed and irrigated several times per day with fertilizer solution that is drained to a storage tank for reuse. Currently, vegetables (Burns, 1996; Terabayashi et al., 1997) , ornamentals (Anderson and Woods, 1999; Bredmose, 1998) , and herbs (JeongHwa et al., 1999; Yoma et al., 1998) are produced using ebb and flood systems in greenhouses.
Many different types of growing media are used to grow plants in the ebb and flood system including: pots containing soilless mix, perlite, peat, vermiculite, coconut-coir, and rockwool (RW) (Caraveo Lopez et al., 1996; Fisher et al., 1990; Stamps and Evans, 1997 and Verhagen, 1993) . The most important factors to be considered in the selection of a growing medium are availability, reliability, and suitability for a particular hydroponic system. Growers in many countries use RW since it is sterile, inert, and lightweight, with high porosity and excellent water holding capacity. RW is made by melting a mixture of volcanic rock, limestone, and coke at a temperature of 2912 °F (1600 °C), and then cooling and spinning the mixture into fibers (Fonteno and Nelson, 1990) .
The main drawback of RW is the high cost of the material. In traditional multicluster tomato production, standard size RW blocks (4 × 4 × 2.5 inches or 3 × 3 × 2.5 inches) are placed on top or inserted within a 36 × 6 × 3 inch (90 × 15 × 7.5 cm)-RW slab. Considering the cost factor of the RW, many growers are beginning to explore the possibilities of raising crops in smaller RW containers (Jensen, 1996) . Several authors compared tomato plants grown in small vs. larger containers in hydroponic culture. Plants in small containers had lower leaf area and plant dry weight (Peterson et al., 1991) , reduced node number and plant height (Ruff et al., 1987) , and decreased shoot and root growth (Hameed et al., 1987) , all probably due to a restriction in root growth. Root restriction causes a reduction in shoot and root weight, and inhibits leaf expansion in cucumber (Cucumis sativa) (Robbins and Pharr, 1988) , results in dwarf plants with short internodes and smaller root systems in bean (Phaseolus vulgaris) (Carmi and Heuer, 1981) , reduces growth rate and plant size in peach (Prunus persica) (Richard and Rowe, 1977) , and decreases leaf growth in cotton (Gossypium hirsutum L.) (Mutsaers, 1983) . However, in our previous study, we demonstrated using only a standard sized RW block (3 × 3 × 2.5 inches) and rayon polyester material (RPM) as an additional substrate for roots, that the single-cluster tomato can be grown successfully with high yield (Logendra and Janes, 1999) . Presently, this system is being tested in a 1-acre greenhouse at the New Jersey Eco-Complex in Burlington, N.J. The following study was initiated to evaluate even smaller minirock wool blocks (MRBs) as a cost-effective growing medium for single or double-cluster tomato production in an ebb and flood hydroponic system.
Materials and methods
Three different MRBs (Agro-Dynamics, East Brunswick, N.J.), MM 50/40 (2 × 2 × 1.6 inches), MM 40/ 40 (1.6 × 1.6 × 1.6 inches), and AO Plant Science Department, Rutgers University, 59 Dudley Road, New Brunswick, NJ 08901-8520.
The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. 50/40 (2 × 2 × 1.6 inches), along with a standard sized RW block, DM4 42/ 40 (3 × 3 × 2.5 inches), were used. MM 50/40, MM 40/40, AO 50/40 and DM4 42/40 are Agro-Dynamics, Inc. product numbers. All RW blocks were individually wrapped in ultraviolet resistant plastic around the four vertical sides, except for AO 50/40, which was not wrapped. Each MRB has a small hole in the center to accommodate the seed, whereas DM4 42/40 RW has a hole [1.7 × 1.6 inches (4.3 × 4 cm)] large enough to accommodate an RW plug [AO 36/40; 1 × 1 × 1.6 inches (2.5 × 2.5 × 4 cm)] containing a seed. 'Laura' tomato was direct-seeded to MRBs and RW plugs and kept wet until seed germination. Seedlings were fertilized once daily with hydrosol-calcium nitrate solution (1:1, 2.3 mS·cm -1 ) (E.C. Geiger, Inc., Harleysville, Pa.). Two-week-old seedlings in RW plugs were placed in DM4 42/40 RW blocks. Both MRBs and DM4 42/40 blocks were placed on the bench over RPM at an equidistant spacing of 8 × 8 inches (20 × 20 cm) and irrigated with the same frequency and concentration. The irrigation cycle was increased to twice daily beginning with the fifth week. At the end of the fifth week, plants were randomly assigned with a spacing of 12 × 12 inches (30 × 30 cm) on four experimental benches with RPM unless specified otherwise. Seedlings were irrigated six times daily with nutrient solution (2.3 -2.5 mS·cm -1 ). Plants were topped by soft pinching the terminal bud of the main stem, leaving two leaves above the first or second cluster as per each experiment. Crops were supported on the bench by one or two horizontal layers of wire mesh netting [12-gauge, galvanized with 6 × 8 inch (15 × 20 cm) grids]. Side shoots were manually pruned when required. Pollination was carried out with a leafblower, once daily, during the flowering period. Fruits were harvested at the firm red stage. Plant height at harvest, days to anthesis of the first cluster, total fruit number and weight, shoot fresh weight, harvest index (fruit weight/ fruit weight + shoot weight, on a fresh weight basis), and any physiological disorders were recorded and evaluated. Supplemental lighting was provided from high-pressure sodium lamps at an intensity of 80 µmol·m -2 ·s -1 for 16 h from 0500 to 2100 HR, if the natural light intensity was less than 800 µmol·m -2 ·s -1 . The greenhouse was maintained at 75 °F/68 °F (24 °C/20°C
) of day/night temperature. The experiments were conducted at the New Jersey Agricultural Experiment Station greenhouse, Rutgers University, New Brunswick, N.J. EXPERIMENT 1. Evaluation of different sized RW blocks as growing medium for single-cluster tomato production, with and without RPM.
The experimental design was a split plot with the main plot (+RPM or -RPM) and subplots (different sized RW blocks) in eight replicated blocks with one plant/treatment. One half of each bench was covered with RPM. There were two replicated blocks on each bench and the main and subplot treatments were randomly assigned. A total of four benches were used and the experiment was repeated once with similar results.
EXPERIMENT 2. Evaluation of different sized RW blocks for double-cluster tomato production.
The experimental design was a split plot with the main plot (one or two clusters) and subplots (different sized RW blocks) in nine replicated blocks with two plants/treatment. RPM was used for all treatments. Plants were topped leaving two leaves above either one or two clusters. The experiment was repeated once with similar results.
Results and discussion
In Expt. 1, plants grown in MRBs with RPM had excellent root growth. The roots penetrated the RPM, forming a thick mat between the RPM and the bench top (Fig. 1) . This created an additional reservoir for retaining nutrient solution for an extended period of time. In contrast, roots of plants without RPM, were restricted to the RW blocks and adventitious roots that appeared along edges of the blocks were either discolored or light brown in color. Plants without RPM, beginning from the time of anthesis of the first flower, showed signs of wilting or water stress, especially during midday. This resulted in a 28% reduction in shoot fresh weight, a 62% reduction in fruit number, and a 67% reduction in fruit yield (Table 1) . Plants grown without RPM also had significant decreases in average fruit weight and harvest index. There were no differences, however, in fruit weight, fruit number, or harvest index among the various sized RW blocks, demonstrating that MRBs can be used for single-cluster tomato production.
Our findings were similar to the study by Ruff et al. (1987) in which 'Better Bush' tomato in a root-restricted environment had significantly lower fruit number and lower fresh and dry weight of mature fruits. A possible explanation for the poor fruit yield of plants without the RPM may be that a limited root system is unable to provide an adequate supply of nutrients, growth substances, and water to the fruit. Without the RPM, 66% of harvested fruits were affected with blossom-end rot. This was probably due to poor root growth leading to inefficient and insufficient absorption of calcium and water from the nutrient solution. Many authors have demonstrated the importance of calcium and water uptake for the preven- tion of blossom-end rot in tomato fruits (Franco et al., 1998; He et al., 1999; Ho et al., 1999; Ohta et al., 1999; Paiva et al., 1998; Reid et al., 1996; Wada et al., 1996) .
In our study, there was no difference in the anthesis date of the first flower of the first cluster for the plants grown without RPM (Table 1) , however, in cotton, Carmi (1986) and Carmi and Shalhvet (1983) found that rootrestricted plants flowered earlier than those grown in larger containers.
In Expt. 2, double-cluster tomato plants had a significantly greater harvest index, producing 72% more fruit with 40% more fruit weight compared to single-cluster plants. There were no differences, however, in fruit weight, fruit number or average fruit weight among plants grown in different sized RW blocks (Table 2) . Although plants were shorter and had greater shoot fresh weight in the standard sized RW block, this did not significantly affect the harvest index (Table 1 and 2). These results were similar to the findings of Cooper (1972) who found that the volume of the containers in which tomato plants were grown had little influence on the partition of dry matter between cotyledons, roots, stem, and leaves.
In both experiments there were no differences in fruit yield when plants were grown in MRBs with RPM compared to a standard sized block. We observed similar results when we compared the two standard size RW blocks, DM6 42/40 (4 × 4 × 2.5 inches) and w MM 40/40 (1.6 × 1.6 × 1.6 inches), MM 50/40 (2 × 2 × 1.6 inches), AO 50/40 (2 × 2 × 1.6 inches, not wrapped), DM4 42/40 (3 × 3 × 2.5 inches). v Values followed by the same letter within columns are not significantly different according to the least significant test at P < 0.05. NS,*,**,*** Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively. (Fig. 2) . For yearround limited-cluster greenhouse tomato production (five crops per year), MRBs can substantially reduce the cost of growing media compared to the standard DM4 42/40 blocks (Table 3) . Furthermore, since RW is not biodegradable, MRBs are better since there is less material for waste disposal. Considering the cost of RW blocks, MRBs should also be evaluated as the seedling block in the conventional greenhouse hydroponic tomato production system where RW slabs are used as the substrate for root growth. z DM6 42/40 (4 × 4 × 2.5 inches), AO 36/40 (1 × 1 × 1.6 inches), MM 40/40 (1.6 × 1.6 × 1.6 inches), MM 50/40 (2 × 2 × 1.6 inches), AO 50/40 (2 × 2 × 1.6 inches, not wrapped), DM4 42/40 (3 × 3 × 2.5 inches). 
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